Background: Idiopathic pulmonary fibrosis (IPF) is a chronic and ultimately fatal disease characterized by a progressive decline in lung function. Fibrotic diseases, such as IPF, are characterized by uncontrolled activation of fibroblasts. Since the microenvironment is known to affect cell behavior, activated fibroblasts can in turn activate healthy neighboring cells. Thus, we investigated IPF paracrine signaling in human lung fibroblasts (HLFs) derived from patients with IPF. Methods: Primary human fibroblast cultures from IPF (IPF-HLF) and control donor (N-HLF) lung tissues were established and their supernatants were collected. These supernatants were then added to N-HLFs for further culture. Protein and RNA were extracted from IPF/ N-HLFs at baseline. Interleukin-6 (IL-6) and TGF-β-related signaling factors (e.g. STAT3, Smad3) were evaluated by western blot and qPCR. IL-6 levels were measured by ELISA. IL-6 signaling was blocked by Tocilizumab (TCZ) (10 ng/ml).
Background
Idiopathic pulmonary fibrosis (IPF) is a chronic and progressive lung disease associated with significant morbidity and poor prognosis [1] . Fibroblasts exhibit phenotypic divergence within the normal lung, while this heterogeneity was shown to be significantly greater in the IPF lung [2, 3] . Activated fibroblasts were shown to be the key components in the fibrotic process. Their interaction with the microenvironment, especially the immune cells, was shown to contribute to the disease progression. In our previous studies, we already showed that the fibroblasts can secrete pro-fibrotic and proangiogenic signals that promote disease progression [4] .
Fibrosis, in response to tissue damage or persistent inflammation, is a pathological hallmark of many chronic degenerative diseases [1, 5] . If injury persists, the wound healing process passes through an inflammatory phase, with increased levels of interleukin-1 (IL-1) and tumor necrosis factor-alpha (TNF-α), leading to tissue remodeling. Interleukin-6 (IL-6) is another proinflammatory cytokine, which is produced by a wide variety of cells, including fibroblasts [3] . IL-6 was shown to be elevated in lungs of IPF patients [6] and in mouse models of pulmonary fibrosis [7] . Moreover, IL-6-deficient (IL-6(−/−)) mice had relatively attenuated fibrotic changes following bleomycin treatment in comparison to the wild type controls [8] . Recent studies showed that the IL-6 can also promote fibrosis by driving chronic inflammation [5] and by activating the TGFβ pathway [9, 10] , which is the most potent profibrotic cytokine known [11] [12] [13] .
The IL-6 receptor (IL-6R), usually membrane-bound, can also exist in a soluble form (sIL-6R). In this form, IL-6 binds to sIL-6R, resulting in a complex that activates the membrane bound glycoprotein 130 (gp130), which is constitutively expressed on most cell types. This process also results in Jak/signal transducer and activator of transcription (STAT) signaling pathway activation [14] and is termed IL-6 trans-signaling [15] . This signaling pathway was already implicated in a variety of inflammatory processes, including rheumatoid arthritis (RA) [16] , systemic sclerosis (SS) [17] , cancer [18] , as well as IPF [19, 20] . Importantly, unlike other soluble cytokine receptors, sIL-6R does not act antagonistically by limiting the IL-6 cytokine activity, but rather agonistically. The sIL-6R is formed either by limited proteolysis of membrane bound receptors or directly secreted from the cells following alternative mRNA splicing [8, 9] . Tocilizumab (TCZ), an anti-human IL-6R neutralizing antibody, which prevents binding of IL-6 to IL-6R, thus inhibiting both classic and trans-signaling pathways, is approved for the treatment of RA [21] . This drug was also implicated in other inflammatory conditions that involve a fibrotic phenotype, such as SS [17] . Results from the phase II randomized controlled trial (faSScinate) of SS patients showed forced vital capacity (FVC) stabilization within the TCZ receiving SS patients in comparison to placebo controls [22] , as well as in placebo-treated patients who later transitioned to TCZ in the open label period [23] .
Moreover, the SENSCIS™ trial for SS associated interstitial lung disease (SS-ILD) showed that the treatment that is already proven effective for IPF (i.e. nintedanib) could also be effective for SS-ILD [24] . We hypothesized that it could also be vice versa. Thus, we studied IL-6 related signaling in primary human lung fibroblasts (HLFs) taken from patients with IPF. We used our established IPF supernatants (IPF-SN) model to examine whether IPF-HLFs secrete factors that activate IL-6 signaling, as well as the impact of TCZ on this process.
Methods

Lung fibroblast culture
Primary human lung fibroblasts (HLF) were isolated as previously described [25] , from lung tissue samples from histologically confirmed patients with IPF and normal control donors. Following extraction, the fibroblasts were cultured in Dulbecco's modified eagle's medium (DMEM) supplemented with 15% fetal calf serum (FCS), L-glutamine (2 mM), and Pen-Strep-Nystatin antibiotics (Biological Industries, Israel). Cells were maintained in 5% CO 2 at 37°C. The culture media were collected from the confluent culture flasks and stored at − 80°C. Media was collected up to passage 8 and as long as the cells proliferated normally.
Exposing lung fibroblasts to supernatants (SN)
Fibroblasts (2 × 10 5 ) were seeded in 24-well plates and allowed to adhere for 24 h prior to the beginning of experiments. Then, IPF-HLF or N-HLF-derived SN (400 μl) was added for further culture. TCZ (anti-IL-6R) (10 ng/ml, Actemra®, Roche) was dissolved in PBS.
Cell count
Cell number and viability were evaluated by the max quant analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany). Results were verified by manual counting of Trypan blue-stained cells.
Western blotting
N-HLF, IPF-HLF or 10 mg of lung tissue samples were lysed, and Western blot was performed as previously described [26] . For phospho/total (p/t) Smad3, p/t Stat3 and suppressors of cytokine signaling 3 (SOCS3) expression levels, proteins were extracted directly from the tissue sample (10 mg, following biopsy) and from the cell line culture flasks during regular cell passages (between passages 3-10, during the normal proliferation phase). The following rabbit/mouse anti-human antibodies were used: phospho-Stat3 Tyr705 (#9145), phospho-Stat3 S727 (#9134), Stat3 (#9139), phospho-Smad3 (#9520) and Smad3 (#9523) from Cell Signaling Technologies, USA;
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH) (ab9484) and SOCS3 (ab16030) were purchased from Abcam, USA; alpha-Tubulin (T5168) was purchased from Sigma, USA. Bound antibodies were visualized using Goat peroxidase-conjugated secondary antibodies (Millipore, USA, anti-Mouse IgG #AP308P and anti-Rabbit IgG #AP307P) followed by enhanced chemiluminescence detection (Millipore, USA). Results were normalized to Tubulin and GAPDH.
Search tool for the retrieval of interacting genes/proteins (STRING) analysis PPI networks were constructed for the protein products using information from the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, v11; http:// string-db.org/) [27] .
RNA extraction and RT cDNA synthesis
RNA was extracted using the RNeasy kit (QAIGEN, USA). Extracted RNA was converted to cDNA using GeneAmp (Applied Biosystems, USA).
Real time quantitative PCR
Reactions were done using Power SYBR Green (Applied Biosystems, UK). Primers sequences (purchased from Hylabs, Israel) are listed in Table 1 . Primers were normalized by specific cDNA standard curves obtained from known amounts of cDNA. GAPDH served as the housekeeping control.
ELISA based antibody array IL-6 levels were measured using Quantibody Human ANG-Q1 kit (RayBiotec, Inc., USA), according to the manufacturer's instructions.
Statistical analysis
Statistical analysis was done using GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla California USA, www.graphpad.com). ANOVA was performed to compare differences between multiple cohorts. Paired Student's t-tests were employed to analyze differences between two groups. An effect was considered significant when the P-value was < 0.05. All experiments were repeated at least three times.
Results
IPF-HLFs secrete high levels of IL-6 and activate the STAT3 pathway in normal HLFs
The microenvironment significantly affects disease progression [28] . In our previous works, we showed that IPF paracrine signaling significantly alters N-HLF phenotype [4] . Most works discussing IL-6 usually suggest that it is secreted from neighboring immune cells (e.g. macrophages). Here, we measured IL-6 levels in the IPF-HLF derived supernatant (IPF-HLF-SN) and tested whether the IPF-HLF-SN could activate the STAT3 pathway. In fact, the IPF-HLF-SN was found to contain high levels of IL-6 in comparison to N-HLF-SN ( Fig. 1a ). In addition, the expression level of IL-6 mRNA was also significantly higher in the IPF-HLFs in comparison to N-HLFs at baseline ( Fig. 1b ). Direct STAT3 activation was observed following 30 min of N-HLF exposure to the IPF-HLF-SN ( Fig. 1c-d ). Following 24 h, there was also an increase in pSTAT3-S727 and SOCS3 levels ( Fig. 1e-f ).
The IL-6 pathway is overexpressed in IPF-HLFs
In order to test the relevance of the above findings, IPF patient and control donor lung samples were tested for IL-6R, pSTAT3 and SOCS3 levels. Patient baseline characteristics are shown in Table 2 . Interestingly, IL-6R, as well as pSTAT3 levels were significantly lower in the IPF tissue samples ( Fig. 2a-c ). SOCS3 expression in IPF tissues was also reduced (Fig. 2d ). However, when analyzing IPF-HLFs in comparison to N-HLFs, we found a significant overexpression of IL-6R ( Fig. 2e ). In addition, similarly to the effects of the IPF-HLF-SN, there was an elevated baseline expression of pSTAT3-Y705 and SOCS3 in these cells ( Fig. 2f-h) . These findings show that the STAT3 pathway is excessively activated in IPF-HLFs at baseline.
Phosphorylated and total Smad3 are overexpressed in IPF-HLFs
Transforming growth factor-β (TGF-β) is another well discussed pathway in fibrosis development [19] . Recent publications [9, 29, 30] , suggested Smad3 as a possible target of the IL-6 trans-signaling. Therefore, STRING analysis was performed, with the inclusion of the aforementioned targets, as well as Smad3. In addition, we added Epidermal growth factor receptor (EGFR) and FGF-2 that were recently discovered by our group as elevated in IPF-HLFs [4, 27] . Indeed, Smad3 was found to be significantly linked in this protein interaction network ( Fig. 3a) . Moreover, we found significantly higher levels of phosphorylated Smad3, as well as Smad3 mRNA in IPF-HLFs in comparison to N-HLF cells ( Fig. 3b-d ).
Supporting the hypothesis of the IL-6 trans-signaling, the soluble form of IL-6R (sIL-6R) was also elevated in these cells ( Fig. 3e ).
IPF-HLF derived soluble factors activate pSmad3 via IL-6 trans-signaling in normal HLFs
Next, we exposed N-HLFs to IPF-HLF-SN and tested whether pSmad3 is activated. Supporting the assumption of indirect activation (i.e. IL-6 transsignaling), Smad3 phosphorylation was observed following 24 h and not at 30 min, which is considered the period of direct activation ( Fig. 4a-b ). Furthermore, there was a significant elevation in Gremlin (GREM1) (Fig. 4c) , which was previously shown to be elevated as a result of the IL-6 trans-activation through STAT3 and Smad3 in fibrosis [9] . To test whether it was IL-6 mediated, TCZ that inhibits the IL-6 in both the canonical and the transsignaling pathways was added to IPF and N-HLF-SNs. In fact, TCZ successfully blocked the elevation in pSmad3 by IPF-HLF-SN at 24 h (p < 0.05, Fig. 4b ). Accordingly, the elevation in GREM1 was also successfully blocked by TCZ (p < 0.05, Fig. 4c ). Thus, IPF-HLFs show activated baseline Smad3 phosphorylation, which can be potentially induced by the IPF secreted factors via the IL-6 trans-signaling.
IL-6 pathway blockage inhibits cell proliferation and affects differentiation
In order to evaluate the importance of IL-6 for the IPF-HLF cell survival, we cultured IPF-HLFs and N-HLFs with TCZ for up to 72 h, and followed their growth daily. As expected, IPF-HLFs proliferated faster than N-HLF (p < 0.05, Fig. 4d ). In addition, IPF-HLF cell growth was significantly inhibited by TCZ (p < 0.05, Fig. 4d ), while N-HLFs were not affected. These results suggest that the elevated baseline level of IL-6/ Smad3 in IPF-HLFs is at least in part responsible for the increased proliferation of these cells.
Previously, we showed that IPF-HLF-SN reduces the alpha-smooth muscle actin (α-SMA) and Col-lagen1a levels in N-HLFs [25] . This was the result of the increased proliferation, and therefore reduced differentiation. Thus, N-HLFs were cultured with N or IPF-HLF-SNs with/ without TCZ for 24 h. Following culture, cells were counted. In support of our previous findings, TCZ prevented the elevation in N-HLF cell counts by the IPF-HLF-SN (p < 0.05, Fig. 4e ). In addition, the drug prevented the downregulation in α-SMA and Collagen1a that were previously observed (p < 0.05, Fig. 4f-g) . These findings highlight the importance of this pathway in disease progression, since its blockage attenuates fibrotic phenotype. 
Discussion
Fibrotic diseases, such as IPF and SS, are characterized by uncontrolled activation of fibroblasts. This activation was shown to be caused by increased inflammatory cytokines, (e.g. TNFα, IFNγ and IL-6) which are usually considered to be secreted by inflammatory cells (e.g. macrophages). In this study, we showed that IPF-HLFs secrete IL-6, activate the IL-6/ STAT3 and sequentially TGF-β signaling pathways in normal HLF cells in a paracrine manner. This autonomous activation of fibroblasts is thought to mediate progression of fibrosis in later stages of the disease. Similar results were shown in a recent study by Denton et al. Their work elegantly utilized patient samples from the faSScinate phase II trial in various molecular analyses in dermal fibroblasts, which linked IL-6 to key profibrotic pathways such as the TGF-β [31] . A recent study by Milara et al. showed that IL-6, via STAT3 phosphorylation, induced proliferation and migration of primary human fibroblasts. They also showed that IL-6 is elevated in BAL and in lung tissues of rats following bleomycin treatment [32] .
Activation of mesenchymal cells following injury and inflammation results in elevated TGF-β levels and increased cell proliferation, as well as elevated production of various cytokines [33] . Here, we showed that IL-6 secretion is elevated in IPF-HLFs, in addition to elevated IL-6 mRNA levels. Compared with IL-6 classic signaling, trans-signaling shows a different spectrum of IL-6mediated actions, which is mainly involved in inflammatory diseases and cancer progression [15, 34, 35 ]. An extensive work by Le et al. [20] showed the importance of the IL-6 trans-signaling in IPF progression. In their work, they suggest that sIL6R is originated from macrophages that in turn, promote the fibrotic process by activating fibroblasts. They also suggest the shedding process of IL-6R by ADAM17 as the source of sIL-6R. Our results support their findings and highlight the involvement of fibroblasts in this process. However, we also show that fibroblast paracrine signaling by itself can initiate such signaling, as the IPF-HLFs express higher mRNA levels of the sIL6R.
The canonical activation of STAT3 relies on the Y705 residue, which results in nuclear translocation and activation of target genes. The STAT proteins translocate to the nucleus to induce the transcription of targets, such as SOCS [36, 37] . However, it is now clear that there are (many) other non-canonical pathways, in which STAT3 can transduce alternative signaling [38, 39] . In our IPF supernatant system, we showed that pSTAT3-Y705 was briefly activated and then down-regulated, giving a rise to pSTAT3-S727 and SOCS3 at 24 h. A similar observation was described by Li et al. that showed an interchange in pSTAT3 residues in Crohn's disease [33] .
In the lungs of patients with IPF, there was no overexpression of IL-6R or elevated levels of pSTAT3-Y705. The level of SOCS3 was also reduced in the IPF derived lungs. This reduction in SOCS3 was previously shown in other fibrotic conditions [33, 40] . Nevertheless, a recent study by Milara et al. showed that lungs from patients with IPF expressed higher levels of STAT3 and JAK2, as well as phosphorylated STAT3 [32] . In another article they showed that this was also the case in pulmonary arteries in IPF [29] . As STAT3 possesses two phosphorylation sites that are known to be relevant to function: pSTAT3-Y705 and pSTAT3-S727 [37] , it is important to distinguish between the two. However, they and others [19, 30, 41] didn't state which of the two phosphorylated STAT3s was tested. Pechkovsky et al. also studied the localization of pSTAT3-Y705 in UIP lungs. They showed localization of the pSTAT3-Y705 mainly in areas of dense fibrosis [2] . Similar findings were shown by O'Donoghue et al. [19] and Pedroza et al. [30] . A possible explanation could be attributed to the fact that our control samples were derived from lobectomies of cancer patients. As STAT3 signaling is activated in cancer, it is possible that although the sections were distant from the tumor and defined 'normal' by histology, several molecular pathways were still activated.
Interestingly, they also showed that IPF LFs express high basal levels of pSTAT3-Y705 and FN1 in vitro [2] . When we tested basal levels in HLFs, we also found that IPF-HLFs expressed higher levels of pSTAT3-Y705, as well as IL-6R and SOCS3, in spite of being cultured invitro for several passages. The ability of these cells to preserve their fibrotic phenotype was already shown by us and others [2, 3, 25, 41] . Furthermore, SOCS3 expression was shown to be elevated for up to 30 days in bleomycin induced fibrosis [19] .
TGFβ is extensively involved in the development of fibrosis in different organs [13, 31, 42] , with the interplay between STAT3 and TGF-β pathways is widely discussed. For instance, targeting of JAK-2 in SSc fibroblasts abrogated the pathologic activation of the TGFβ signaling and prevented myofibroblast differentiation [41] . Other studies, such as O'Reilly et al., suggest the IL-6 trans-signaling, as the driver for STAT3 dependent TGF-β pathway activation [9] . In their work, they suggested the Gremlin protein mediates Smad3 activation by the IL-6/STAT3 pathway. As Gremlin was already found to be overexpressed in IPF [43, 44] , we tested its expression in our system and found it to be significantly elevated in normal HLFs following exposure to IPF-HLF-SN. It was also significantly overexpressed at the baseline level in IPF-HLFs in comparison to the N-HLFs. Interestingly, in a large recent study by McDonough et al. that characterized the transcriptional regulatory model of fibrosis in the human lung, the GREM1 was found to be one of the four upregulated genes in IPF that also correlated with disease severity [45] .
In that work, they also showed that activation of the IL-6 trans-signaling led to an elevation in COL1A, but not in TGF-β1. In our experimental system, we didn't see such elevation. This could be explained by the fact that they used 20 ng/ml of IL-6, while our IPF-HLF-SN only contained about 2 ng/ml. Nevertheless, at this concentration pSmad3 and GREM1 were significantly elevated. Since this activation was observed only following 24 h, we assumed the activation of pSmad3 was not direct. Moreover, it was successfully inhibited by TCZ indicating IL-6 involvement. Similarly to our results, Pechkovsky et al. also showed that activation of HLF cells with IL-6 resulted in SOCS3 elevation, but did not result in an increase in COL1A levels [2] .
TCZ prevents binding of IL-6 to IL-6R thereby inhibiting both classic and trans-signaling pathways [21, 46] . In our experimental system, we showed that IPF-HLFs proliferate faster than N-HLFs at baseline and that the TCZ inhibited this observation. A similar observation was presented by Le et al. [20] showing that baseline proliferation rates of IPF fibroblast cell lines (LL97A) are higher than those of normal fibroblasts (CCD8Lu). Nevertheless, Alvarez et al. reported the opposite, while suggesting a senescent phenotype of IPF derived vs. controls [47] . This difference could be explained by variations in the level of cell differentiation.
As suggested a while ago by Raghu et al., cells cultured from specimens with early fibrosis have a greater proliferative potential than those from late fibrosis [48] . Since Alvarez et al. took only lower lobe specimens, which are known to be the most affected, it is possible that the cells they extracted were more differentiated (and thus less proliferative). In addition, they used enzymatic digestion for cell extraction, while we used the explant culture method [49] , which possibly favors the more proliferative fibroblast type.
Conclusions
IPF-HLFs express high baseline levels of both canonical and IL-6 trans-signaling components, leading to indirect TGF-β pathway activation and potentially to disease progression. Since the treatment for IPF (i.e. nintedanib) is now extended to other ILDs, as well as to SS-ILD, it is possible to assume that treatments for SS could prove effective in IPF. Further studies are needed in order to elucidate the benefit of this treatment in ILD patients. 
